Pneumococcal infections are an important cause of morbidity and mortality in children with sickle-cell disease (SCD). Pneumococcal conjugate vaccines (PCVs) are immunogenic in healthy infants <2 years of age but have not been evaluated in young children with SCD. Infants with SCD were immunized with a 7-valent PCV (Wyeth-Lederle Vaccines & Pediatrics) at 2, 4, and 6 months of age. A booster dose of 23-valent pneumococcal polysaccharide vaccine (PPV; Pnu-Immune) was administered at 24 months of age. Antipneumococcal type 6B and 14 serum opsonic activity was measured to assess the biologic function of the antibody. Following the administration of three doses of PCV, opsonic activity against serotype 6B increased from 4.8% at 2 months to 33.5% at 7 months, with a subsequent decline to 8.1% at 12 months and 7.5% at 24 months and with an increase to 30.7% at 25 months after administration of a booster dose of PPV. Similar trends were seen with serotype 14 (opsonic activities were 9.4% at 2 months, 24.9% at 7 months, 16.5% at 12 months, and 12.6% at 24 months, and the opsonic activity was 27.3% 1 month after the administration of PPV). Serum opsonic activity correlated with antibody levels for both serotypes. PCV induces serum opsonic activity in infants with SCD. Antipneumococcal serum opsonic activity correlates with antibody levels.
Patients with sickle-cell disease (SCD) have an increased susceptibility to blood-borne Streptococcus pneumoniae infections such as sepsis and meningitis (1, 26, 38) . In fact, their risk for invasive pneumococcal infection has been estimated to be as high as 300 to 600 times that of children of the same age without SCD (1, 38) .
A variety of strategies have been used to protect children with SCD against pneumococcal infection. One such strategy has been to use penicillin prophylaxis (10) . However, inconsistent compliance and the emergence of bacterial resistance may limit the protective effect of antibiotic prophylaxis (6, 33) . Another strategy has been immunization with the currently available 23-valent capsular polysaccharide pneumococcal vaccine. However, that vaccine is not immunogenic in children younger than 2 years of age, the very age at which there is the highest incidence of pneumococcal sepsis (1, 6, 20) .
A new pneumococcal polysaccharide protein conjugate vaccine has been shown to be immunogenic and effective in preventing invasive pneumococcal disease in healthy infants and children younger than 2 years of age (5, 25) . This vaccine has the potential to be of particular benefit to infants and young children with SCD. Our previous studies demonstrated that this conjugate vaccine is immunogenic in infants younger than 1 year of age with SCD (19) . We performed the current studies in order to determine whether the anticapsular antibody induced by this vaccine possesses opsonic activity, perhaps a better correlate of biologic activity than antibody level measured by enzyme-linked immunosorbent assay (ELISA).
MATERIALS AND METHODS
Immunization protocol and serum samples. The infants in this study were from four medical centers and one private pediatric practice in the Baltimore Md., metropolitan area: the Johns Hopkins Children's Center, the University of Maryland Children's Hospital, Sinai Hospital, the Johns Hopkins Bayview Medical Center, and the Pediatric Center of Annapolis. The subjects in the first age group (28 patients with SCD and 7 age-matched African-American control patients without SCD) were immunized intramuscularly with three doses of heptavalent (serotypes 1, 4, 6B, 9V, 14, 18C, 19F, and 23) pneumococcal polysaccharide protein conjugate vaccine (lots 7-5018-003A and F37-4-I-02; Wyeth Lederle Vaccines & Pediatrics) at 2, 4, and 6 months of age. This vaccine was manufactured by covalently linking polysaccharide to the protein carrier CRM 197 . Each 0.5-ml dose contained 2 g each of polysaccharide serotypes 4, 9V, 14, 19F, and 23F; 2 g of oligosaccharide serotype 18C; 4 g of polysaccharide serotype 6B; approximately 20 g of CRM 197 ; and approximately 0.5 mg of aluminum phosphate as an adjuvant. A booster dose of 23-valent polysaccharide pneumococcal vaccine (Pnu-Immune; Lederle Laboratories) was administered at 24 months. Serum samples were obtained at 2, 4, 6, 7, 12, 24, and 25 months of age. The children in the second age group (10 SCD patients and 3 age-matched African-American control patients without SCD) were immunized with a single dose of pneumococcal polysaccharide protein conjugate vaccine at 12 months of age. They received a booster dose of polysaccharide vaccine at 24 months, and serum samples were obtained at 12, 13, 24, and 25 months of age. Aliquots of serum were frozen at Ϫ70°C within 2 h of collection.
Our intention was to enroll equal numbers of 2-month-old infants with SCD, 12-month-old children with SCD, and healthy controls at each of these two ages. After initial enrollment into the 12-month-old SCD group, we concentrated our efforts on enrolling infants with SCD at age 2 months. These efforts were so successful that older children were thereafter not available for enrollment. The unbalanced recruitment of age-matched African-American infants without hemoglobinopathy reflects the difficulty in convincing parents to subject their healthy infants to additional series of intramuscular injections.
The study was approved by the Institutional Review Boards of the Johns Hopkins University, the Maryland State Department of Health, the University of Maryland Medical School, and Sinai Hospital. Informed consent was obtained from the parents or legal guardians of the infants participating in the study.
Antipneumococcal antibody measurements. Type-specific antipneumococcal immunoglobulin G (IgG) antibody levels were measured by ELISA, modified from the method of Koskela (14) . All sera were premixed with pneumococcal C polysaccharide (2.0 g/ml) to minimize nonspecific binding. For each serotype, eight 2.5-fold dilutions of serum were prepared and assayed in duplicate. Dilutions of Food and Drug Administration (FDA) pneumococcal reference serum lot 89-SF (24) were tested in parallel. Comparisons of patient and reference sera were performed by using a four-parameter logistic-log function (23) . The coefficient of variation for antibody levels measured by ELISA was 33% for pneumococcal serotype (Pn) 6B and 28% for Pn 14.
Reference sera for opsonic assays. A reference serum pool was composed of equal volumes of serum obtained from 13 healthy adult volunteers. It was aliquoted, frozen, and stored at Ϫ70°C. The serotype-specific anticapsular pneumococcal IgG antibody concentration was 2.46 g/ml for serotype 14, as measured by ELISA, in comparison with that for FDA reference serum sample 89-SF. The reference serum pool was tested in each Pn 14 opsonization experiment to control for day-to-day variability in results. Because the reference serum pool had low opsonic activity for serotype 6B, in the experiments with that serotype, control serum from a single donor with a high (25.8 g/ml) anti-Pn 6B anticapsular IgG titer was used as the reference serum sample.
Opsonic assay. The opsonic assay was a modification of a previously published method (7, 29) .
Preparation of PMNs. Human polymorphonuclear cells (PMNs) were obtained daily from the peripheral venous blood of healthy adult volunteers by mixing equal volumes of blood and dextran solution (100 ml of 6% dextran 70 in 0.9% sodium chloride injection, 10 ml of 5% dextrose injection [USP; Abbott Laboratories, North Chicago, Ill.], 2 ml of heparin sodium injection [USP; 1,000 units/ml; Elkins-Sinn, Inc., Cherry Hill, N.J.]). The mixture was allowed to sediment at a 45-degree angle at room temperature for 45 min. PMNs were isolated from the resulting supernatant plasma by density centrifugation on lymphocyte separation medium (Cappel LSM; ICN Biomedicals, Aurora, Ohio) (7, 29) . Both supernatant plasma and the Cappel LSM layer were carefully aspirated and discarded, leaving the pellet containing PMNs and a few erythrocytes. The PMN pellets from all tubes were pooled; the erythrocytes were lysed in hypotonic medium, and the PMNs were immediately restored to osmotic neutrality by the addition of hypertonic saline (36) . PMNs were adjusted to a final concentration of 10 7 PMNs/ml in Veronal-buffered saline supplemented with 0.5% bovine serum albumin, MgCl 2 , and CaCl 2 (7) .
Preparation of radiolabeled pneumococci. Pneumococci were obtained from the American Type Culture Collection (Manassas, Va.). They were passaged through mice, grown, and radiolabeled with [ 3 H]thymidine by a previously published method (36) . Serotype specificity was confirmed by the Quellung reaction. The bacteria were killed by heating to 56°C for 45 min and were stored in 0.1% formalin at 4°C. On the day of use an aliquot was washed twice with phosphatebuffered saline to remove the formalin and was resuspended to a concentration of 10 7 /ml. An aliquot of the bacterial suspension was counted in the scintillation counter to determine the total bacterial input for each assay.
Opsonic assay performance. The opsonic assay was performed by mixing 10 6 PMNs, the desired concentration of serum, and 10 6 bacteria in a total of 200 l of Veronal-buffered saline-bovine serum albumin in a 1.5-ml Eppendorf plastic tube. Immediately after the bacteria were added, the mixture was rotated at 24 rpm at 37°C. After 70 min, incubation was stopped by placing the test tubes in ice water and the tubes were immediately spun for 7 min at 1,100 rpm (350 ϫ g) at 4°C to separate the PMNs and PMN-associated bacteria. The supernatant was carefully aspirated, and the cell pellet was washed once with 950 l of phosphatebuffered saline and was then resuspended in scintillation fluid (Aquasol). The scintillation vials were left to adapt to the dark for 30 min, and then the radioactivity was counted.
Since each sample was run in duplicate, final sample counts were calculated as an arithmetic mean from the two measurements. The serum opsonic activity was defined as the uptake of radiolabeled bacteria by PMNs, which was determined by the following formula: (PMN-associated bacteria counts/total bacterial input counts) ϫ 100. In each experiment there were two controls: a positive control that consisted of the reference serum with PMNs and bacteria and a negative control that consisted of PMNs and bacteria but no serum.
In order to adjust for the possibility of day-to-day variability in the assay, a correction factor was calculated for each experiment by using the following formula: opsonic activity of the reference serum sample in the first experiment/ opsonic activity of the reference serum sample on a given day. This correction factor was used to standardize the results from all experiments according to the formula [(PMN-associated bacteria counts/total bacterial input counts) ϫ 100] ϫ correction factor. As a further precaution against day-to-day variability in the opsonic assay, all serum samples from an individual patient were run in the same daily assay, as much as possible. The coefficients of variation for the opsonic assay were 10% for Pn 6B and 20% for Pn 14.
In a preliminary experiment, we compared the radiolabeled assay simultaneously with a visual assay of opsonophagocytosis, in which bacteria were stained with methylene blue and the percentage of PMNs which had ingested bacteria was counted under a light microscope (36) . The dose-response curves for serum opsonization activity were comparable, and the method with radiolabel was chosen for ease of processing of large numbers of specimens.
Data analysis and statistics. Continuous variables were analyzed by the Wilcoxon signed-ranks test and the Mann-Whitney U test. Nonparametric correlations between antibody titers and opsonic activity were calculated with Spearman's correlation coefficient.
RESULTS
Optimization of assay conditions. We performed initial experiments in order to determine the optimal assay conditions. As can be seen in Fig. 1 , unheated sera, which contained both antibody and complement, had comparable opsonic activities for serotype 14 at all serum concentrations, whether the sera were from subjects with high (15.4 g/ml) or low (0.5 g/ml) antibody levels. In contrast, there were significant differences in the opsonic activities of heat-inactivated sera, which were depleted of complement activity but which still contained antibody, between subjects with high and low antibody levels. Comparable results were obtained for serotype 6B. In preliminary experiments the highest opsonic activity was achieved with 20 to 40% heat-inactivated serum (Fig. 1 ) and a PMN: bacteria ratio of 1:1. In all subsequent assays, 40% heat-inactivated serum and a PMN:bacteria ratio of 1:1 were used in order to measure the effects of antibody without the confounding effect of increasing complement function with age over the first 2 years of life.
Serum opsonic activity for S. pneumoniae type 6B. (i) Twomonth-old age group. There was an increase in serum opsonic activity after the primary series of immunizations with three doses of pneumococcal polysaccharide protein conjugate vaccine in infants with SCD ( Fig. 2A) . The median opsonic activity increased from 4.8% (activity for negative control, 6.0%) at 2 months of age to 33.5% at 7 months of age (P Ͻ 0.001). There was a subsequent decline in the opsonic activity, which reached median values of 8.1% at 12 months of age and 7.5% at 24 months of age. However, there was a significant increase in opsonic activity to 30.7% at 25 months of age following administration of a booster dose of the 23-valent polysaccharide vaccine (P Ͻ 0.001 for comparison between 24 and 25 months of age).
Serum opsonic activity followed a similar course in the 2-month-old group of patients without SCD. Their preimmunization median opsonic activity was 7.4%; it rose to 34% at 7 months of age (P ϭ 0.06) and subsequently declined to 8.1% at 12 months of age (P ϭ 0.03). Figure 2B shows a comparison of infants with and without SCD who were immunized starting at 2 months of age. Median opsonic activities were not significantly different after immu- (ii) Twelve-month-old age group. Because of an initial concern that the conjugate vaccine would not be immunogenic in young infants, this vaccine was also tested in older children aged 12 months. It should be noted that when it became apparent that the infants immunized at 2, 4, and 6 months of age responded to the conjugate vaccine, we stopped enrollment of subjects in this study group. For the group of 10 infants with SCD who received a single dose of protein conjugate vaccine at 12 months of age, there was significant increase in opsonic activity from a preimmunization median level of 4.3% to a level of 14.4% (P ϭ 0.03) 1 month after the immunization. It declined to 4.6% (P ϭ 0.03) at 24 months of age but rose again to 35% (P ϭ 0.03) after administration of a booster dose at 25 months of age.
For three infants without SCD the mean opsonic activity increased from 6.4% at 12 months of age to 16.2% (P ϭ 0.11) at 13 months of age as a result of immunization with a single dose of protein conjugate vaccine.
(iii) Relationship of serum opsonic activity and antibody level. Geometric mean values of anti-Pn 6B IgG antibody levels and median opsonic activity in infants with SCD immunized starting at 2 months can be seen in Table 1 . A comparison was also made between serum opsonic activity and antibody levels in all infants in this study. These data demonstrate that the serum opsonic activity correlated with antibody levels (P Ͻ 0.001; Spearman's rho ϭ 0.653) in all patients in both age groups (Fig. 3A) .
Serum opsonic activity for S. pneumoniae type 14. (i) Twomonth-old age group. Figure 4A shows the changes in serum opsonic activity for Pn 14 induced by the immunization at 2, 4, 
FIG. 3. (A)
Relationship between serum opsonic activity and level of anticapsular antibody against pneumococcus type 6B. Immunization was at 2, 4, and 6 months of age for infants with SCD (F) and control infants (E). Immunization was at 12 months of age for infants with SCD (s) and control infants (ᮀ). rho, Spearman's correlation coefficient. (B) Relationship between serum opsonic activity and level of anticapsular antibody against pneumococcus type 14. Immunization was at 2, 4, and 6 months for infants with SCD (F) and control infants. Immunization was at 12 months of age for infants with SCD (s) and control infants (ᮀ). rho, Spearman's correlation coefficient. and 6 months of age in infants with SCD. The median opsonic activity at 2 months of age was 9.4% (activity for negative control, 14.4%); it increased to 24.9% (P Ͻ 0.001) at 7 months of age, with subsequent declines to median values of 16.5 and 12.6% at 12 and 24 months of age, respectively. There was a strong response to a booster dose of polysaccharide vaccine at 24 months of age, with opsonic activity increasing to 27.3% at 25 months of age (P ϭ 0.02).
In contrast to the anti-Pn 6B IgG titers, nine infants had relatively high preimmunization anti-Pn 14 IgG levels (geometric mean level, 3.093 g/ml). This high level was defined as Ն1.0 g/ml on the basis of analogy to data obtained for Haemophilus influenzae type B, in which antibody levels of Ն1.0 g/ml after immunization are associated with long-term immunity. Although differences in opsonic activity between patients with high and low preimmunization antibody levels were statistically significant (18.4 and 8.1% respectively; P Ͻ 0.001) at 2 months of age, median opsonic activities after immunization were comparable at 7 and 12 months of age (P ϭ 0.4 and P ϭ 0.8, respectively, by the Mann-Whitney U test).
The infants without SCD had similar patterns of responses to three doses of the vaccine, with median preimmunization opsonic activity of 14.1% that increased to 30.9% (P ϭ 0.02) at 7 months of age and that subsequently fell to 17.3% (P ϭ 0.02) at 12 months of age. The results of the comparison of infants with and without SCD is shown in Fig. 4B . The mean opsonic activity values were comparable in both groups (by the Mann-Whitney U test, P ϭ 0.04 at 2 months of age, P ϭ 0.06 at 7 months of age, and P ϭ 0.3 at 12 months of age).
Twelve-month-old age group. Among 10 infants with SCD who were immunized at 12 months of age, the median opsonic activity increased from 6.3% before immunization to 25.1% (P ϭ 0.02) at 1 month postimmunization.
A similar response was observed in the infants without SCD, in whom the median opsonic activity at 12 months was 9.9% and in whom the activity rose to 29.4% (P ϭ 0.1; only three subjects) at 13 months of age after administration of a single dose of the conjugate vaccine.
(iii) Relationship of serum opsonic activity and antibody levels. Table 1 contains geometric mean anti-Pn 14 IgG antibody levels and median opsonic activity at selected time points in infants with SCD immunized starting at 2 months of age. Figure 3B shows the correlation between anti-Pn 14 IgG antibody levels and opsonic activity in all patients in both age groups Ͻ 0.001; Spearman's rho ϭ 0.579).
DISCUSSION
Bacterial infection is the most common cause of hospitalization and death in children with SCD (1, 11, 16) . Children under 3 years of age are at highest risk for invasive blood-borne bacterial infection, with the pneumococcus being the causative agent in 66% of those with bacteremia (38) and 70 to 85% of those with bacterial meningitis (1, 26) . Two abnormalities which contribute to the increased susceptibility of SCD patients to systemic pneumococcal infections have been described: defective splenic function (22) and deficient pneumococcal serum opsonizing activity (12, 36) . Pearson et al. (22) demonstrated the absence of splenic clearance of intravenously injected radioactive colloid in children with SCD and splenomegaly, indicating that the spleen was inactive as a biologic filter for particles. It has also been shown that serum from patients with SCD does not enhance pneumococcal phagocytosis as well as serum from healthy subjects does (6, 12) . A number of studies have suggested that the deficient pneumococcal opsonization activity in these patients results from defective antibody-mediated activation of the alternative complement pathway (2, 3, 12, 15, 34, 35) .
There is strong experimental evidence that antibody against the pneumococcus may correct or compensate for both immunologic defects in patients with SCD. For instance, opsonic activity for the pneumococcus is restored by supplementation of sera from children with SCD with antibody against the pneumococcus (4, 12) . Also, antibody provides protection against blood-borne pneumococcal infection in splenectomized animals (17) . Therefore, immunization with pneumococcal vaccine should compensate for both immunologic defects in patients with SCD.
Pneumococcal capsular polysaccharide vaccine increases antibody levels and opsonic activity and also reduces the risk for pneumococcal infection in adults and older children with SCD. However, this vaccine is poorly immunogenic in children younger than 2 years of age (9, 21) . Recently, a heptavalent pneumococcal polysaccharide protein conjugate vaccine has been shown to be more immunogenic than the polysaccharide vaccine in patients with SCD ages 2 years old or older (30) . Moreover, it was immunogenic in healthy infants (25) and infants with SCD (19) , both younger than 1 year of age. Even more important, it was highly effective (100%) in preventing invasive pneumococcal disease in healthy infants younger than 2 years of age (5) . In addition, pneumococcal vaccine that contained only 6B polysaccharide conjugated with tetanus toxoid increased opsonic activity in infants and adults without SCD (28, 32) .
We conducted the current studies in infants with SCD to establish whether the antibody induced by immunization with a heptavalent pneumococcal conjugate vaccine is opsonically active. Since the focus of our experiments was to investigate the opsonic functions of antibodies, we chose to deplete complement activity with heat. Thus, in our system we measured only heat-stable opsonic activity, which is attributed predominantly to serotype-specific anticapsular IgG antibodies (8, 31) . This is a standard method that has been used by others to assess the opsonic role of antibody (27) . Although measures of the opsonic activity that depend on antibody and complement may more closely resemble the situations that are present in vivo (9, 12, 36) , we chose to use heat-inactivated serum to more directly measure the component of total serum opsonic activity attributable to antibody alone. Another advantage of heat inactivation is that it eliminates the confounding effect of increasing complement function with age over the first 2 years of life. We did not investigate other factors that might affect heat-stable serum opsonic activity, such as IgG subclass distribution (13, 18) or the presence of non-type-specific antipneumococcal antibodies (37) .
Our results demonstrate that in infants with SCD, the pneumococcal polysaccharide protein conjugate vaccine causes a significant increase in serum opsonic activity for pneumococci of types 6B and 14. In most subjects, preimmunization serum opsonic activity was very low and was comparable to that for negative controls. Among infants in the 2-month-old age group, the maximum increase in serum opsonic activity occurred after the administration of three doses of the conjugate vaccine. It was followed by a gradual decrease at 12 and 24 months of age to values comparable to preimmunization levels. However, there was a strong anamnestic response to a booster dose of the polysaccharide pneumococcal vaccine at 24 months of age, with a significant rise in opsonic activity at 25 months of age. Nevertheless, it is not known whether these opsonic activities and antibody levels are sufficient to protect SCD infants from clinical disease.
Interestingly, infants with SCD and high preimmunization anti-Pn 14 IgG antibody levels had opsonic responses to the primary series of immunizations that were less than those of infants with low preimmunization antibody levels. However, the median opsonic activities at 7 and 12 months of age were comparable to those in the infants with low preimmunization antibody levels.
The alternative immunization schedule with a single dose of conjugate vaccine at 12 months of age was also effective. It induced significant increases in antibody levels and opsonic activity 1 month after vaccination in both healthy and SCD children. We stopped enrollment of subjects in the older age group after it became clear that immunizations starting at 2 months of age were effective. Therefore, insufficient numbers of patients were enrolled at 12 months to provide a meaningful statistical comparison. In any case, the primary immunization schedule of immunization at 2, 4, and 6 months of age is preferable since it offers protection at a younger age. Our results demonstrate that serum opsonic activity correlates with serotype-specific anticapsular IgG antibody levels for both Pn 6B and Pn 14. The relationship between opsonic activity and antibody levels is highly statistically significant (P Ͻ 0.001) for both serotypes. However, the correlation is not ideal. The lack of a perfect correlation may be attributed in part to the IgG subclass distribution (13, 18) , non-type-specific antipneumococcal antibodies (37) , or other heat-stable serum opsonins (e.g., mannose-binding lectin).
